The frequency-dependent impedance of a series of ferromagnet (FM)/organic semiconductor (OSC)/FM tri-layered organic spin valves (OSV) is investigated in the frequency range of 10 Hz-1 MHz. An equivalent resistor-capacitor (RC) parallel network model is employed to analyze the magnetoresistance (MR) and magnetocapacitance (MC) e®ects. Fitting with the model yields¯eld-dependent parameters and the resistive parameters agree with the experimental results. The analysis of the impedance spectra indicates an e®ective magnetotransport mechanism dominated by the charge accumulation at the organic-FM interfaces.
Introduction
Organic semiconductors (OSCs) are promising materials for spintronics with novel properties that are not seen in conventional inorganic semiconductors. While the launch of OSC greatly enhances the versatility of modern photonic devices such as organic light-emitting diodes (OLED) 1,2 and organic photovoltaic (OPV) cells, 3, 4 the e±ciency of the devices is still a technical concern. On top of the working principle that controls the charge of the carriers, the control of the spin degree of freedom in OSCs has been much discussed because of the possibility of bringing new functionalities into organic electronics which in turn would improve the device performance. For example, by manipulating the spin of the injected carriers in OSC, spin-polarized OLED (spin-OLED) is predicted to have higher level of energy e±ciency than OLED. [5] [6] [7] [8] [9] In order to realize spin phenomena-related organic devices, the ability to manipulate spin, including the injection and transport of spin polarization into the active layer, is of great technological interest. [10] [11] [12] [13] Although signi¯cant success has been achieved in controlling the magneto-response based on magnetoresistance (MR) e®ect in organic spin valves (OSV) consisting of two ferromagnetic (FM) electrodes separated by a thin organic spacer, 10-13 the magnetocapacitance (MC) e®ect, a phenomenon useful for characterizing some important physical properties such as dielectric and transport properties in spintronic devices, is less discussed and is worthy of further exploration. For example, AC magnetotransport has been proposed as a tool to study spindependent potentials, dielectric relaxation and high-frequency magnetic sensing. [14] [15] [16] [17] The product of resistance and capacitance (the RC time constant) of a magnetic tunnel junction (MTJ) has been suggested for characterizing the high-speed performance of devices such as hard disk drive read heads and magnetic random access memories. [18] [19] [20] [21] [22] In addition, MC serves as an alternative approach for characterizing the interfacial properties within the OSV structure. Like other magneto-e®ects in organic or inorganic devices, 23, 24 MC is predominately interface-driven also. The study of MC response in OSVs should therefore facilitate a better understanding of spindependent transport via the FM/OSC interfaces.
In this paper, we address the magneto-impedance properties of 3,4,9,10-perylene-teracarboxylic-dianhydride (PTCDA)-based OSVs. Both MR and MC e®ects are demonstrated in these OSVs with various PTCDA barrier thicknesses. The impedance spectra are¯tted to an equivalent-circuit model consisting of a parallel resistor and capacitor network. The study suggests that the magnetotransport of PTCDA-based OSVs is dominated by spin accumulation at the FM/OSC interfaces.
Experiment
The PTCDA OSVs were grown on glass substrates and stacked from bottom to top in the following sequence: NiFe (30 nm)/CoFe (15 nm)/AlO x (0.6 nm)/PTCDA (t p , in nm)/AlO x (0.6 nm)/CoFe (35 nm). In between the OSC PTCDA spacer and the neighboring CoFe layers, a thin, partially oxidized alumina layer is inserted, as shown schematically in Fig. 1(a) . The insertion of alumina was to protect PTCDA from direct contact with the electrode material which would otherwise hybridize (through chemical reaction or inter-di®usion) at the interfaces and devastate the MR e®ect, as demonstrated in our previous works. 13, 25 The whole sample stack was prepared in a high-vacuum environment with a base pressure of lower 10 À8 mbar. All metallic layers were made by sputtering in an Ar working pressure of 5 Â 10 À3 mbar at the power of 20 W, and the organic PTCDA layer was grown at 10 À8 mbar by thermal evaporation at a deposition rate of 0.1 nm/s. The spin valve structure was patterned by a shadow mask-changing sequence, and the junction area (200 Â 200 m 2 ) was de¯ned by the intersection of the crossed electrodes. The current-perpendicular-to-the-plane (CPP) MR measurements were carried out at room temperature using the conventional DC four-point-probe method, whereas the impedance characterization was made by the AC two-terminal auto balancing bridge method at frequencies ranging from 10 Hz to 1 MHz using an Agilent HP 4294A Precision Analyzer, followed by an RC equivalent-circuit simulation. The variation of the¯tted capacitive parameters with external magnetic¯eld de¯nes the MC.
Results and Discussion

Magnetoresistance
Figure 1(b) shows the cycling of the junction resistance with¯eld at room temperature for a series of PTCDA-based OSVs with various PTCDA thicknesses t P . The curve displays the typical pseudo spin-valve type characteristics. An MR ratio (dened as the percentage change of resistance divided by the saturated resistance) of 14.6% is observed in the sample with 2-nm PTCDA, and the ratio decreases rapidly as t P increases. A PTCDA-empty (t P ¼ 0) test sample exhibits zero MR ratio, indicating that the partially oxidized alumina layer alone cannot form an e®ective spin-transport barrier. The plot of junction conductance as a function of PTCDA thickness is shown in Fig. 1(c) . The exponential dependence implies that the conductance of the OSVs is free from the impact of pinholes or conducting channels formed within the device.
Magnetocapacitance
The OSV can be viewed as a parallel-plate structure and therefore can be modeled by an equivalent circuit that consists of a parallel network of tunneling resistance (R j ) and junction capacitance (C j ), and a spin-independent lead impedance (Z L ) in series [see the inset of Fig. 2(a) ]. 21 The complex impedance (Z ¼ R þ iX) of the parallel resistance-capacitance system can then be decomposed into the combination of resistance (R, real part) and reactance (X, imaginary part) as expressed below:
where R j , C j , R l , X l and f stand for the junction resistance, junction capacitance, lead resistance, lead reactance and the test frequency, respectively. The frequency dependence of the imaginary part, measured at both the parallel (P, at 400 Oe) and the antiparallel (AP, at À40 Oe) magnetization states, is shown in Fig. 2(a) for the OSV with t P ¼ 2 nm. The dips of the curves in the high frequency range correspond to the junction resistances of di®erent magnetization states, and the di®erence is attributed to spin-dependent contribution. By subtracting the two impedance spectra, the spin-independent part can be removed and the resulting spectrum can then be analyzed using the aforementioned RC network model. The di®erence of the imaginary part of the impedances (ÁX) can be expressed as:
where the subscript \r" denotes a reference state of 400 Oe applied¯eld (P state), and \m" denotes ā eld condition other than the reference state. To reduce the number of free parameters, R r is set by the DC-measured junction resistance at 400 Oe. The rest of the parameters, i.e. C m , R m and C r , are determined through the¯tting process. The resulting best-¯t is indicated by the red curve in Fig. 2(b) , which agrees reasonably well with the data (open circles).
By changing the applied magnetic¯eld and repeating the aforementioned¯tting process with C r and R r held¯xed, C m and R m of various¯elds can be obtained. Figures 3(a) and 3(b) plot the MR and MC curves with¯eld variation. As seen in Fig. 3(a) , the¯tted resistances, indicated by the solid circles, follow the DC-measured MR curve closely. The agreement between the AC¯tting and the DC measurement justi¯es the reliability of the model and the¯tting process. Figure 3(b) displays the cycling of the MC response as extracted from the¯tting process, which shows an inverse pattern as compared to the MR curve. The MC ratio is de¯ned in the same way as the MR ratio. Table 1 gives the MR and MC ratios for three OSVs with di®erent PTCDA thicknesses. The correlation of MR and MC can be understood by considering the charge density di®erence at the junction interfaces between the parallel (P) and the antiparallel (AP) states. According to the Jullière model, 26 the junction resistance is lower at P state due to higher probability of electron tunneling through the barrier, leading to higher charge density at the interfaces and hence larger capacitance. On the contrary, at AP state the resistance is larger, the interfacial charge density and the capacitance are lower. The correlation of MR and MC suggests that the geometric capacitance is also governed by spin-dependent transport. Therefore, further characterization of spin-dependent charge accumulation at the junction interfaces is needed.
3.3. Spin-dependent frequency response Figure 4 shows the frequency dependence of the di®erential impedance (ÁZ) for a series of PTCDA OSVs with di®erent t P , where the spin-dependent ÁZ spectra are obtained by subtracting the two corresponding impedance spectra measured at the P (400 Oe) and AP (À40 Oe) states. The PTCDA-empty sample (t P ¼ 0) shows no magnetoimpedance and hence no spin-dependent characteristics. The common feature of the rest of the spectra is a transition from magnetoresistive to magnetocapacitive behavior upon a critical frequency (! c % 1/RC). Below ! c , the impedance response is frequency independent, whereas above ! c the response is dominated by the capacitive property of the OSV. The critical frequencies for PTCDA OSVs with t P ¼ 2 nm, 5 nm and 8 nm are around 1 Â 10 5 Hz, 6 Â 10 4 Hz and 2 Â 10 4 Hz, respectively. If we plot the frequency shift (referenced to the t P ¼ 2 nm sample) with respect to t P , the result is shown in Fig. 5 . The absolute value of the MC ratio is plotted in the same graph, which exhibits a decreasing trend with the PTCDA barrier thickness. In the present study, the MC e®ect has been characterized by an intrinsic model based on the spindependent states, which implies that any spininduced electronic distribution and interfacial polarization at the FM/OSC interface would impact the e®ect. The inverse relationship between the size of MC and the spacer thickness suggests a mechanism of charge accumulation at the microscopic interfaces. To characterize the spin-dependent electronic states at the FM/OSC interfaces, further investigation is in progress.
Conclusion
In conclusion, we have demonstrated the DC MR and AC MC properties in a series of PTCDA OSVs. The magneto-impedance spectra are¯tted to an equivalent RC-circuit model through which the capacitive parameters are extracted. The process is validated by the agreement between the extracted resistive parameters and the measured MR curves. We have also revealed that the transport of the charge carriers is related to the charge accumulation at the FM/OSC interfaces. Further investigation of the interfacial charge accumulation should provide deeper insights into the transport mechanism in organic spin valves.
